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Introduction
Propylene, as an important raw material, can be used to produce various products such as polypropylene, acrolein, acrylic acid and so on [1] [2] [3] . Propylene was mainly made from fossil resources via fluid catalytic cracking (FCC) and steam cracking [4, 5] . As one of the most important reactions in C1 chemistry, the methanol to propylene (MTP) process has the potential to play an increasing role in global chemicals manufacture. It has gained much attention these years, because of producing propylene with high selectivity via methanol from natural gas, coal, shale gas and biomass [6] [7] [8] [9] [10] . In order to understand the MTP process (prolonging the lifetime of catalyst, raising the catalyst activity, getting the best distribution of products), various studies of the MTP reaction have gained considerable attentions of many researchers in the past decades [11] [12] [13] [14] [15] [16] . Now the silica-alumina zeolite ZSM-5 catalyst with MFI-type topology and high Si/Al ratio has been proved to be one of the most effective catalysts in typical MTP process, because of its unique three-dimensional pore structure (intersecting zigzag channels (5.1 × 5.5 Å) and straight channels (5.3 × 5.6 Å)), high propylene yield and anticoking performance compared with SAPO-34 in a methanol to olefin process (MTO) [17] [18] [19] [20] . Whereas, the initial high activity of ZSM-5 results in high yield of gasoline and liquid gas [21] , which decreases its commercial values.
It is, therefore, of great importance to find methods that can modify the acidity of ZSM-5 by chemical post-synthesis modification of zeolite frameworks as to decrease the side-reactions of MTP [22] [23] [24] [25] . To avoid side reactions, various modifications have been made. Among them, increasing framework Si/Al atomic ratio i.e., by dealumination is effective, the general methods of which include extraction of framework aluminium by chemical agents, hydrothermal dealumination of zeolite frameworks and isomorphous substitution of framework silicon for aluminium [26] [27] [28] . Nevertheless, dealumination generally results in lattice deficiencies and the irreversible deactivation [29] [30] [31] . In contrast, there is no site poisoning by coke and catalyst deactivation due to coke is reversible. Coking can be expected to deactivate the acid sites and then affect the hydrogen transfer reactions depending on acid site density to suppress undesired reactions. Meanwhile, it also has obvious influence on the pore structure of molecular sieve: (i) limitation of the access of n-heptane to the active sites, (ii) blockage of the access to the sites of the cavities (or channel intersections) in which the coke molecules are situated, (iii) blockage of the access to the sites of the pores in which there are no coke molecules [32] [33] [34] [35] . However, precoking using carbonaceous compounds with large molecules is supposed that coke only deposit externally, the internal sites keep unchanged [36] . These coke molecules trapped in the zeolite micropores being relatively simple, are not generally inert with respect to the reactants or intermediates of the desired reactions and hence can significantly affect the activity and selectivity and be used as one of the surface modifications in some articles [37] [38] [39] [40] . Bauer et al. suggested that in terms of surface acidity inactivation. Samples modified by carbonaceous deposits were found to be more effective compared to those by one-cycle silica deposition: (i) pre-coked HZSM-5 showed a higher shape selectivity during xylene isomerization, (ii) pre-coking of HFER had no specific effect on isobutene selectivity [38] . While other researchers found that catalyst with 0.6 wt% coke deposition presented 20 times of the conversion on the fresh catalyst in chloromethane to olefins reaction, arising from the behaviour of coke working as an important reaction center for olefin assembly, which can eliminated the induction period of the reaction and govern the conversion and product selectivity [40] .
Regarding of the pre-coking, it is believed that large amount of coke doesn't only selectively deposit on the outer surface of the catalyst, but also deactivate the internal active sites [41] . Thus, the pre-coking process should be carefully controlled and the grow rule of pre-coke species during the reaction should be mastered. Studies focusing on the stabilization or evolution of carbonaceous compounds on pre-coked catalysts during the reaction are few, thus the industrial application of pre-coking is worth deliberated.
In this study, various pre-coked catalysts were prepared with different reaction parameters: coking precursor, coking temperature and time. The textural properties of HZSM-5 catalyst before and after pre-coking have been characterized by series methods. The pre-coked catalysts were used in methanol to propylene reactions. The nature of coke species on the pre-coked ZSM-5 and the secondary-coked ZSM-5 in MTP conversions was examined by TGA method. Furthermore, the catalytic performances on propylene selectivity of these pre-coked catalysts have been investigated.
Experimental

Materials and pre-coking procedures
The fabrication process of shaped parent ZSM-5 catalyst involves two key steps: the preparation of zeolite powder and shaping process of binder/zeolite. The obtained product was cylindrical, with size of 1.2 mm-1.5 mm.
The ZSM-5 zeolite powder (nSiO2/Al2O3=180) was bought from Suzhou Zhi hydrocarbon New Material Technology Co.,
Ltd. This powder was washed and filtrated repeatedly for three times and then dried at 110 ℃ overnight. Finally, the product was calcined at 550 ℃ for 6 h in air.
Zeolite powder (350 g), binders (150 g, 75 wt% boehmite), sesbania powder (9 g), nitric acid (18 g, 66 wt%) and deionized water (180 g) were strongly blended at ambient temperature to form a homogeneous mixture, shaped into a uniform body by rapid extrusion molding and then dried at 120 ℃ for 12 h. The product was denoted as C-0.
Catalysts used methanol (99.9 wt%) and 1-hexene (99.9 wt%) as the pre-coke precursors were named M-x-y and H-xy, respectively, while catalysts used methanol and deionized water as the pre-coking feeding were named nM-W-x-y, x is representing for the coking time (h), y is meaning for the coking temperature (℃), n is the mass percent of methanol in the methanol and deionized water solution (%). Water is very important in MTP reaction. And during the reaction, MeOH produces water. The water produced by MeOH can also reduce partial pressure of methanol, remove heat of reaction and inhibit the formation of carbon deposits on Catalysts. to be metered by the pump, then heated and gasified in turn. Before and after the pre-coking procedures, the catalysts were dried under the atmosphere of N2 at 120 ℃ for 3 h.
Characterization of catalysts
The BET surface area and porosity of the parent ZSM-5 and pre-coked catalysts were measured by N2 adsorption and desorption method (Micromeritics ASAP 2400), the external surface area was tested by t-plot, and the mesopore volume was evaluated from the total pore volume subtracted the micropore volume. Prior to all measurement, the catalyst was outgassed at 120 ℃ for 5 h in order to desorb water.
Temperature Programmed Desorption with ammonia gas (NH3-TPD) was used to examine the acid sites amount and distribution. The catalyst was heated at 550 ℃ for 1 h under helium atmosphere to remove physical absorbed water, and then cooled to 100 ℃ and kept for 30 min for ammonia adsorption. The physical adsorbed ammonia was removed by blowing helium for 1 h, and then the catalyst was carried out to desorb chemical absorbed ammonia by increasing the temperature linearly from 100 ℃ to 550 ℃ with heating rate of 10 ℃·min -1 . In order to ensure the repeatability of data, all the operations are carried out under helium atmosphere.
Pre-coked catalysts were characterized by elementary analysis (Thermo Finnigan Flash EA 1112) and Thermo Gravimetric Analyzer (TGA). The catalyst was placed in a crucible, lifted in the middle of the reactor tube. Before testing, the carrier gas N2 was introduced at 120 ℃ with a flowing rate of 30 mL min -1 for 4 h to remove the absorbed water in catalyst. Then the carrier gas was replaced by a mixture of O2 (80 vol %) diluted in nitrogen with a total flowing rate of 50 mL min -1 , and the reactor temperature was increased from 120 ℃ to 850 ℃ with a heating rate of 10 ℃·min -1 .
Catalytic measurements
The catalytic testing was performed in a stainless-steel tube fix-bed reactor (i.d. 12 mm). 5 g of the ZSM-5 zeolite catalyst was mixed with 5 g glass beads. The reaction was carried out at 480 ℃, and a WHSV of 1. 
Results and Discussion
Physical characterization of the catalysts
The textural properties of pre-coked and parent catalysts are listed in Table 1 . It can be seen that most of the catalysts surface area and micropore volume are decreased after pre-coking, except for sample H-8-250, whose pre-coking species came from the conversion of 1-hexene at 250 ℃. For pre-coked samples (1M-W and 5M-W) prepared with abundant of water at high temperature (480 ℃), an increasing trend of mesopore volume can be seen as the water concentration increased, suggesting the dealumination effect of stream on the catalysts. While the effect of coke on blocking the micropores can be observed as the reduction trend of micropore volume didn't follow as the stream content. The pore volume of pre-coked sample 5M-W-35-480 is lower than sample 1M-W-35-480, and is similar with present sample C-0.
For pre-coked catalysts using methanol as coke precursor, the external surface is decreased notably as the coking time Catalyst using 1-hexene as pre-coke species has lower external surface compared with catalyst using methanol as coke precursor at the same reaction conditions. This is due to the fact that molecule with big size is more likely to condensed and deposited on the external of the zeolite [42] .
Acid properties of the pre-coked catalysts
The NH3-TPD profiles obtained from parent and pre-coked ZSM-5 samples are shown in Figure 1 . Two broad desorption peaks maxima at 202 and 315 ℃ are assignable to weak acid site caused by ammonium cations and strong acid sites, respectively [43] .The desorption peaks in pre-coked sample H-8-250 are no difference with present ZSM-5, indicating that carbonaceous compounds formed by 1-hexene at low temperature (250 ℃) are really unstable, which can be easily decomposed at high temperature, thus this kind of pre-coke species had no effect on the acidity of catalysts. 
Coke characterization of the pre-coked catalysts before and after MTP reaction
The amount of oxidable coke was determined by TGA, and the results of these pre-coked catalysts are shown in Figure 2 and Figure 3 . It can be seen in Figure 2 , that burning off the pre-coke formed at high temperature (480 ℃) reveals a combustion peak at 600 ℃, which is attributed to the combustion of polyaromatics species. While the pre-coked sample M-35-480 is the exception, as two combustion peaks can be observed in Figure 2d , revealing two types of coke species [44] , coke I (600 ℃) and coke II (670 ℃), and the amount of these coke species are exchanged after MTP reaction. This observation can be ascribing to the different coke locations of the pre-coke and secondary-coke [45] .Pre-coke on sample M-35-480 is deposited mainly on the external surface, while on the effect of stream during the MTP reaction, part of the pre-coke decomposed and reassembled at the internal pores [17] , thus increasing the proportion of internal coke. The combustion peak of pre-coke formed at low temperature (250 ℃) is centered on 300 ℃ (Figure 2e and Figure 2f ), containing mainly the olefinic compounds [46] . This kind of coke species are condensed and rearranged via hydrogen transfer steps at high temperature (480 ℃), and resulting in the formation of polyaromatics. This fact reflects that coke formed at low temperature is of olefinic nature, but the stable form of coke at high temperature is polyaromatics, which is highly condensed and dehydrogenized of olefinic or aliphatic species. The elementary analysis of carbonaceous compounds of these abnormal pre-coked samples is shown in Table 2 . It can be seen that pre-coke formed at low temperature (250 ℃) via 1-hexene is of more olefinic nature, while the coke species turned to be of more aromatic nature after MTP reaction, this fact verified that coke formed at low temperature is unstable at high temperature [47] ,which will be transformed to polyaromatics. While pre-coke formed at severely high temperature via methanol conversion is more aromatic and condensed. This type of pre-coke is quite stable at high temperature, but continues to dehydrogenize and condense into carbonaceous compounds with more big size. Pre-coking via 1-hexene conversion obtains higher coke deposition compared with using methanol as pre-coke precursor, this can be attributed to the dehydration of methanol, which generating the equal moles of water, and then suppressed the formation of coke [48] . While no water is appeared at the conversion of 1-hexene, thus the pre-coke in the pores or on the outer surface acts as coke-nucleus and accelerates the formation of secondary-coke.
Combing the pre-coking treatment with streaming is very effective to inhibit the secondary-coke formation, as both coke and water can used to modify the pore structure and acidity of the catalyst [49] , while the proportions of these two factors need to be optimized. It can be seen that pre-coking by 5% methanol and stream is more effective than 1% methanol and stream in suppressing the coke deposition. This can be clarified by the pre-coke distribution which was verified by the textural properties of these two pre-coked samples characterized by BET methods. Pre-coke is likely to fill in the mesopores formed by dealumination by stream, primarily, thus the acid sites near the mesopores wall are covered, and the diffusion resistance of molecules are strengthened by the steric hindrance of pre-coke, increasing the difficulty of macromolecular carbon deposition on the mesopores. Thus, suitable pre-coking process is instead done well in restraining coke deposition than hydrothermal treatment. 
Catalytic Properties of the pre-coked ZSM-5 in MTP reaction
The pre-coked catalysts were classified into two types according to the acidity of the catalyst, samples The propylene selectivity of pre-coked catalysts (type A, Figure 4c ) are substantially higher than pre-coked catalyst of type B (Figure 4d ), the propylene selectivity of sample 5M-W-35-480 is reached to 42% after 15 h of TOS. This is due to the coordinated modification of coke and stream, resulting in a suitable pore structure for the production of propylene. As sample M-35-480 was severely coked, the diffusion limitation of reacting molecules was enhanced, not only restrained the production of macromolecules, but also affected the diffusion of micromolecules like propylene [50] . Pre-coking prepared at low temperature (250 ℃) present no improvement in propylene selectivity, arising from the unstable form of the carbonaceous compounds. 
Conclusion
The pre-coking modification of ZSM-5 zeolite has been performed to improve the propylene selectivity of the catalysts maintaining high activity. Detailed features of pre-coked catalysts have been obtained by the results of the characterization and catalytic investigation. Pre-coking had less destruction to the acid sites of ZSM-5 compared with stream, and retained the high activity of the catalyst. Pre-coke formed at low temperature (250 ℃) was unstable, the olefinic and aliphatic compounds were transformed into polyaromatic species at high reacting temperature. While 5% pre-coking combing with 95% streaming treatment at high temperature (480 ℃) was very effective to inhibit the coke formation during the MTP conversions, as the pre-coke primarily deposited on the mesopores formed by dealumination of the crystal, and the selectivity of propylene was reached to 42%.
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